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Abstract

Large intensities of low-energy protons were observed
deep within the Jovian magnetosphere with the plasma instru-
mentation on Pioneer 10 during the encounter of this space
probe with Jupiter. The energy range of the electrostatic
analyzer was 108 eV to 4.80 keV during encounter. Inside
the flux tubes of the Galilean moon Io is a 'plasmasphere’
of protons with relatively high densities, 100 (cm)'3, extend-

ing toward the planet to at least 2.8 R The characteristic

thermal energies of these protons are agout 100 ev. The

flux tubes of Io are positioned on a severe decrease of

these densities with increasing Jovicentric radial distances--
a plasmapause. The relationship of Io to this'plasmapause

is quite likely to be fundamental to the Io-modulation of
decametric radio emissions. The proton densities in the
vicinity of To ‘are also sufficiently high to limit the
azimuthal extent of the partial torus of hydrogen gas from

Ic by the mechanism of charge exchange. At greater distances,
beyond the plasmapause, is found a great torus of plasma
encircling Jupiter with densities in the range 10 to 15 (cm)-3
and thermal energies about 400 eV. The moon Eurcpa is embedded
in this torus, or 'ring current'. This ring current is extend-
ed into a thin plasma disc at greater radial distances. At

15 R_ the thickness of this disc is only 2 R

J J
densities are about 1 (cm)_3. The source of these low-energy

and proton

protons is believed to be the Jovian ionosphere. The mechanisms
for the formation of the Jovian plasmasphere, ring current
and plasma disc must differ substantially from those dom-

inantly participating in the terrestrial magnetosphere.



I. Introduction

The interplanetary probe Pionéer 10 has opeﬂed a new
frontier for studies of planetary magnetOSpheres with its
exciting flyby of the planet Jupitér. In contrast to the
earth's magnetosphere, with the exception of its plasmasphere,
the Jovian magnetosphere is doﬁinated by the great corotational
' velocities associated with Jupiter's large size and short
rotational period [Smith et al., 1974; Van Allen et al., 1974;
Simpson et al., 1974; Fillius and McIlwain, 1974; Trainor
et al., 1974]. Our present picture of the Jovian magnetocsphere
is one of an enormous 'magnetodisc' of energetic charged
particles, with a diameter of about 200 Jovian radii in the
equatorial plahe and within which is embedded a thin disc of
plasma. This model of the Jovian magnetosphere is based upon
the aforementioned comprehensive observations of magnetic
fields and energetic charged particle intensities dﬁring the’
encounter. No direct measurements of the plasmas deep within
the Jovian magnetosphere have yet been reported. It is our
purpose herein to present such plasma ocbservations -- specifi-
cally, of low-energy ion distributions. The plasma instru-
mentation aboard Pioneer 10 was designed for detailed measure-
ments of the solar wind and of planetary magnetosheaths. As:
with all plasma instruments with these goals as primary

objectives, the Pioneer-10 plasma analyzers lack the sensi-



tivity and energy range required for comprehensive surve&s of
the hot, quasi-isotropic plasmas found within planetary
magnetospheres. Specially designed électrostatic'énalyzers
have been employed within the earth's magnetosphere to sur-
mount this obstacle [cf. Frank, 1967]. Such analyzers were
not included with the Pioneer-10 detector complement.
However, because of the great importance of plasma measure-
ments to any final assessment of the dynamics of the Jovian
magnetosphere, a vigorous analysis of the plasma instrument
‘responses was undertaken. The results of this analysis
provide direct information of several remarkable plasma
domains in the Jovian magnetosphere and tantalizing hints

of a cornucopia of further fascinating plasma phenomena.



II. QObservations

The in situ observations of low-energy proton intensi-
ties in the Jovian magnetosphere reported here were gained-
with one of the Ames Research Center electrostatic analyzers
on Pioneer 10, the medium-resoclution analyzer with collectors
and electrometers employed as plasma sensors [cf. Wolfe et al.,
1974]. This analyzer comprises guadrispherical plates with
a mean radius from their common centers of curvature of 12 cm
and a separation'of 1l em. The corresponding ﬁalues for the
analyzer constant and energy resolution are 6.0 and .16,
respectively. During the encounter of the spaéecraft'with
Jupiter the plasma analyzer was operated in a mode which
covered the energy range 100 eV to 4.8 keV for positive-ion
intensities within 24 energy passbands. This electrostatic
analyzer determines only the energy-per-unit charge of the
positive ions. Our assumption that the positive ions can be
identified as dominantly protons is based upon the facts that
protons are the major constituents of both the solar wind and
Jovian ionosphere and that these two plasma domains are the
only apparent viable sources for the ion intensities found
in the Jovian magnetosphere. This situation differs from
that encountered within the terrestrial magnetosphere where

heavy ions, such as of oxygen, are drawn from the ionosphere

into the magnetospheric plasmas [Shelley et al., 1972;
Chappell, 1972].



The viewing geometry for the electrostatic analyzer
during encounter is summarized in Figure 1. At the exit
aperture of the guadrispherical plates are positioned five
current-collecting plates, each with a sensitive electrometer
for current measurement. Hence the total viewing solid angle,
140° x 4°, is divided into five contiguous fan-shaped fields-
of-view. The dimensions of the three inner fields-of-view are
15° x 4° and those of the outer two are 47.5° x 4°. The pro-
jections of these fans of acceptance onto the ecliptic plane
are shown for two positions along the trajectory in Figure 1.
The field-of-view for the middle detector is centered along the
spacecraft spin axis, and thus is directed toward earth during
the encounter. We will employ the responses of this sensor
in the present analyses. The instrument electronics are
progrémmed to continuously sample the outputs of the
electrometer within a given energy passband as the spacecraft
rolls about its spin axis and to telemeter the maximum
response and the corresponding roll, or élock, angle for a
spacecraft rotation of 180°. 1In the hot, quasi-isotropic
plasmas of the Jovian magnetosphere, the sampling of ion
intensities occurs at more-or-less random roll angles for the
electrostatic analyzer unless a substantial anisotropy is
detected. This situation gives rise to one difficulty in

analyses of the measurements--the energetic charged-particle



intensities stimulating the background responses of the
electrometers vary with roll phase due to a combingtion of
anisotropy of these intensities énd of the uneven shielding
0f the electrometers.

The fan-shaped field-of-view of the eléctrostatic
analyzer samples the corotational velocity vectors along the
inbound trajectory segment from about the orbit of Europa
through periapsis (see Figure 1l). The proton energies cor-
responding to corotational velocities at periapsis and
Europa are about 6 eV and 75 eV, respectively, and are less
than the lower bound of the energy range of the analyzer.
For proton intensities within the energy range of the analyzer,
corotaticnal effects should be readily observable in the
vicinity of ﬁuropa, but not at periapsis.

The following displays of observations, and of the
trajectory of Figure 1, are all labelled with earth-received
time (E.R.T.). Earth-received time is the Universal Time at
which the telemetry signal froﬁ the spacecraft was received
at earth. To compute the Universal Time for the measurement
at the spacecraft it is necesséry to subtract a signal
propagation delay of about 46 minutes from E.R.T.

The three factors which were the major okstacles in
analyses of the telemetered responses of the analyzer were
the substantial background currents due to penetrating energetic

charged particles, the roll modulation of these background



responses associated with the aforementioned uneven shield-
ing of the instrument electronics, and the response levels
which were near the electrometer thresholds. Thesé problems
were overcome to a great extent by applying background cur-
rent corrections, by limiting first analyses to the center
electrometer, and by employving the familiar technique of color-
coded energy-time spectrograms of instrument responses.
Examples of these spectrograms of analyzer responses are

given in Figure 2. Approximately 12,000 samples of the
responses of the center electrometer for 4 December 1973 have
been encoded into the upper energy-time (E-t) spectrogram.
However, due to the nature of the measurements gained with
this analyzer the responses are encoded in a different manner
than those commonly found in the literature for plasmas within
the earth's magnetosphere [cf. Frank and Ackerson, 1971].
First a background response was defined for each scén of the
proton energy spectrum as the minimum electrometer response
observed in the 24-sample energy scan. This backgroﬁnd response
was then subtracted from each of the 24 measurements and the
"differences are plotted according to the color scale at the
right-hand side of Figure 2 (large response relative to back-
ground is red and low responses are blue). Since the response
of the electrometer is logarithmically proportional to the

current collected by the plate at the exit aperture of the



analyzer, the spectrograms can be usefully employed to identify
the presence and general character of low-energy proton in-
tensities but not for comparison-of absolute intensities

among the energy scans. A similar treatment of the responses
of the two.electrometers corresponding to the two fields-of-
view adjacent to the central viewing fan is shown as a cor-
roborating observation in the lower E-t spectrogram of

Figure 2. Two different plasma regimes are readily evident

in these spectrogréms -- an intense low energy proton dis-
tribution observed before and after periapsis (0315 E.R.T.)

and a higher energy proton regime centered at about 1200 E.R.T.
Reference to Figure 1 is useful in assessing the location of
the plasmas relative to the trajectory and Jupiter. The

solid, remarkable signatures of large low-energy proton in-
tensities revealed in these spectrograms provided much of

the impetus to further carefully examine their energy spectrums
and spatial distributions.

Large intensities of electrons with energies greater
than several MeV are the dominant contributors to background
currents for the electrometers of the electrostatic
analyzer. Omnidirectional intensities of electrons with
E > 9 Mev [Fillius and McIllwain, 1974] and the equivalent
background intensities for the electrostatic analyzer are

compared in Figure 3 for observations during 4 December (the



upper spectrogram of Figure 2). The background responseé are
calculated by employing the minimum electrometer current for
a given spectral scan as the background current fof all enerqgy
steps and subsequently converting these currents into an
equivalent background intensity with the known unidirectidnal
geometry factors for the instrument. This equivalent back-
ground intensity is convenient for the direct comparison with
energetic electron intensities and measurements of the di-
rectional proton intensities shown in Figure 3. The back-
ground intensities (solid circles) for the analyzer are ap-
proximately proportional to penetrating electron intensities
(upper panel) as expected. A comparison with electron in-
tensities with E > 3 Mev [Simpson et al., 1974] provides a
similar resﬁlt. The equivalent background intensities fall
to threshold values, i.e., no background responses, by

1130 E.R.T. at energetic electron (E > 9 MeV) intensities of

about 106 electrons (cmz-sec)_l

. The directional intensitiesg
of protons within the energy range extending from 108 ev té
4.80 kev are shown in the lower panei (open circles) of
Figure 3. It is noteworthy that these intensities are not
proporticnal to the background responses of the instrument
and are in fact the signature of large, low;energy proton
intensities within the Jovian magnetosphere. Over the period

0000 E.R.T. to occultation at about 0430 E.R.T. (periapsis is

at 0315 E.R.T.) these intensities are relatively constant at



approximately 108 (cmz-sec—sr) , or an omnidirectional in-

tensity of greater than 109 (cm2

”Secl_l which is cqmparabie
to or greater than that of the solar wind at Jupiter. Sub-
stantial, though lesser, intensities of protons are observed
along the outbound trajectory until 1320 E.R.T. when the
intensities declined to values below the instrument threshold
of 6 x 10° (cmz-sec-sr)_l.

Proton densities have been calculated from our measure-
ments of directicnal intensities by assuming isotropy for the.
angular distributions. These densities are presented as a
function of E.R.T. in Figure 4. The magnetic shell parameters
L (courtesy of C.E. McIlwain) and pitch angles o« at the
spacecraft position (via magnetometer measurements, courtesy
of E. J. Smithi are given along the top border of the figure.
The magnetic flux tubes encountered by the moons Amalthea,

Ic and Europa are shown by the shaded bands which are suf-
ficiently broad to span the values obtained with divers
magnetic field models [cf. Smith et al., 1974; van Allen

et al., 1974]. Estimates of the overall inaccuracy in the
determination of these densities are also given for two
representative measurements in this, and subsequent figures.
These estimates include those attributable to background
corrections, electrometer instability near its threshold

currents and calculations of geometry factors for quasi-

isotropic- proton intensities. There are four remarkable
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plasma features evident in the density profile of Figure‘4:
(1) high densities of protons, 30 to 60 (cm)—3 inside the
orbit of Io; (2) a steep decline; or gradient, of proton
densities at the orbit of Io; (3) a sparse, sporadic popula-
tion at 0745 to 0930 E.R.T. and (4) a fluctuating proton
zone with typical densities 10 (cm)-3 in which is embedded
the Eurcpa flux tubes.

The observations of a rapid decrease of proton densities
with increasing Jovicentric radial distance in the vicinity of
the Ioc flux tubes during the outbound segment of the encounter
trajectory as noted above are similar to such measurements for
the inbound traversal of the Io flux tubes. These inbound
observations on 3 December are summarized in Figure 5. The
corresponding Jovicentric radial distances are given at the
top of this figure. An enhancement of ion densities is
centered at 2250 E.R.T. A similar, but lesser increase of
densities at the Io flux tubes, which was superposed upon a
severe overall decrease of densities with increasing distance,
was also recognizable in the outbound measurements (see
Figure 4} . The decrease of proton densities in the vicinity
of the Io flux tubes is roughly by factors of about 4 per'
Jovian radius for both the inbound and outbound observations.

The energy spectrums for protons found inside the
orbit of Io and those in the regions beyond Io substantially

differ. A brief inspection of the spectrograms of Figure 2.
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for the periods 0000 to 0730 E.R.T. and 0930 to 1300 E.R.T.
yields clear evidences of these differences in proton energy
spectrums for these two regimes. A typical directional,
differential spectrum for proton intensities at positions
inside those of the Io flux tubes is given in Figqure 6. This
proton spectrum is approximated well by a Maxwellian distribu-
tion with number density N = 60 (cm)_3 and with kT = 95 ev.
Note that a major fraction of the protons, 40 (cm)—3, for

the fitted distribution is within the energy range of

the electrostatic analyzer. The corresponding corotational
energy for a proton at this position along the trajectory is
about 9 ev, well below the instrument energy range. This
region has been labelled as 'the plasmasphere' due to the
similarity of its spatial configuration and location with those
of the familiar plasmasphere in the terrestrial magnetosphere --
relatively constant densities of low energy ions with increas-
ing radial distance on the inner L-shells with a rapid de-
crease in densities at the outer boundary, or plasmapause..
This spatial similitude does not imply here that the
mechanisms for formation of the boundaries are fhought to

be similar. This matter is further investigated in the fol-
lowing Discussion section. A further example of the proton
spectrums gained in this Jovian plasmasphere is shown in
Figure 7. This spectrum is for a period only a few minutes

before periapsis and is given here to provide an example of

’
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one of the poorer fits of a single-scan spectrum to a
Maxwelliann. The Maxwellian, N = 85 (;m)-B and kT =’105 ev}
approximates the observations wifhin the accuracy of the
intensity determinations. However, a 'power-law' fit, E_1'3.
would also appear satisfactory. Near periapsis the greater
background currents due to the extremely high intensities of
penetrating particles increased the errors in determination
of the relative differential intensities during a given
spectral scan. This problem did not arise at other positions
within the plaémasphere. The measured proton densities within
the energy range 108 to 1100 eV at periapsis (R = 2.8'RJ} are
approximately 50 (cm)d3, and similar to those densities
observed throughout the Jovian plasmasphere.

No signature of a pronounced decrease of proton den-
sities in the plasmasphere near the periapsis of the Pioneer-
10 trajectory at 2.8 Ry is evident in the observations. How-
ever, analyses of similar measurements with Pioneer 11 at

Jovicentric radial distances to 1.6 R. will clarify the ge-

J
ometry of this plasma regime near the planet.

The proton intensities in the vicinity'oflthe orbit of
Europa are characterized by markedly higher temperatures and
lower densities relative to those of the plasmasphere as
reported above. A typical proton spectrum gained along the

outbound trajectory is shown in Figure 8 (cf. 1206 E.R.T.,

upper panel, Figure 2). The energy spectrum is satisfactorily
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approximated by a Maxwellian distribution with N = 14 (cm)_3

and kT = 400 ev. The computed corotational energy is 76 eV
for a proton at this position along the trajectory, which is
sufficiently near the lower.limit of energy range of the
electrostatic analyzer to observe corotational effects in the
angular distributions. The results of such a study will be
the subject of a subsequent report. The large proton densities
encountered during the perieod of about 0930 to 1230 E.R.T.
(see Figure 4) are the signature of a great torus of plasma
or, more colloQuially, a 'ring current' surrounding Jupiter
at Jovicentric radial distances of approximately 8 to 12 RJ
near the egquatorial plane.

A summary of the geometry of these various plasma
regimes in the ﬁagnetic meridional plane through the space-
craft position is offered in Figure 9. The magnetic field
model employed here is a centered dipole tilted at 9.5° along
System III (1957) longitude 230° {Van Allen et al., 1974].
The spﬁcecraft trajectory provided an excellent opportunity
for measurements of the plasmas near the magnetic equator
out to about 10 R especially during the outbouna segment.
The primary features of the various plasmas are given in the
figure legends. The locations of the magnetic flux tubes
encountered by Io and Europa are also shown in Figure 9. TIo
flux tubes are positioned near the boundary of the high-

density, low-energy proton populations at lesser radial dis-
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tances and Europa is embedded in the hotter proton distributions
of the Jovian ring current. In the region between the flux
tubes of Io and the ring current is found a region of lesser,
and sporadically appearing, proton intensities. Analyses of
their energy spectrums yield number densities 1 to 10 (cm)"'3
with kT = 400 (+ 100) eVv. However, these observations do not
preclude the existence ©of a larger density of low-energy
protons confined to low latitudes Ag = % 10° near the magnetic
equatorial plane in this 'sporadic zone'. At Jovicentric

radial distances at about 10 R. the proton energy densities

J
in the ring current and plasma sheet appear to be sufficiently
great to effect a measurable distortion of the Jovimagnetic
fields near the equator. At 10 R the energy densities,

€, are about 2 x 10”8 erg (c:m)-3 and the equatorial magnetic
field is about 400 gammas {Smith et al., 1974]. The estimated
perturbation field due to diamagnetism is 4#&B'1 = & gammas.
However, the perturbation fields from the external currents
associated with the plasma disc can be expected to be larger
by roughly an order of magnitude. The magnetic field lines

at R » 10 RJ have been distorted to reflect the increasingly
important deformations with greater Jovicentric radial disg-
tances, which are attributable to the presence of this plasma.
All magnetic field lines traversed by the segment of space-

craft trajectory shown in Figure 9 are assumed to be closed

(i.e., not open to interplanetary field lines) and are
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populated with substantial intensities of energetic charged
particles [cf. Fillius and McIlwain, 1974; van Allen gg_gl.,
1974; Simpson et al., 1974].

The most opportune périod for direct observations of
the plasma within the plasma sheet, or 'disc', in the outer
Jovian magnetosphere was 1300 to 1400 E.R.T. on 3 December.
Reference to Figure 9 shows that the corresponding Jovicentric
radial distance of the spacecraft position is about 14 R
An example of the proton energy spectrums within the plasma
sheet is shown-in Figﬁre 10. Temperatures for the protons
are similar to those found within its Jupiterward extension
into the ring current. However, proton densities are severely
less, 0.5 to 1 (cm)_3, in the plasma sheet and are typically
less by factoré of 10 than ring current densities. 1In fact
proton intensities approach the sensible limit, or threshold,
of the plasma analyzer. The corotational energy of a proton
at this position within the plasma sheet is 160 eV, a sub-
stantial fraction of the characteristic thermal energy of the
protons. A detailed study of the corotational effects on
the proton angular distributions will be forthcoming soon.
This traversal of the plasma sheet provides a direct determina-
tion of the thickness of the plasma sheet at about 15 RJ.

The plasma sheet is remarkably thin with a dimension of only

2 R taken normal to the equatorial plane.
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It is of interest to compare these observations of
low-energy protons with other simultaneous measurements
gained with pioneer 10. Fillius and McIlwain [1974] have
reported the omnidirectional intensities of electrons with
E > 160 keV during.the near-Jupiter encounter. These observa-
tions are compared with our determinations of proton densities
in Figure 1l1. The small enhancement of electron (E > 160 keV)
intensities at 0645 E.R.T. is positioned at or near the
plasmapause. A ;imilar effect is evident alsé for the
inbound observations (cf. Figure.S, present work, and Fillius
and McIlwain [1974]). The outbound traversal of the fing
current and plasma sheet as determined from visual inspection
of the spectrograms of Figure 2 is identified by vertical
dashed lines in Figure 1l1. Rapid fluctuations.of electron
(E > 160 keV) intensities are detected coincident with the
traversal of this high density plasma. These observations
may bhe indiéative of acceleration or turbulence in this

outer plasma regime.
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III. Discussion

Our present analysis of ig‘gggg measurementé of the
low-energy proton intensities deep within the Jovian magneto-
sphere with the plasma instrumentation on Pioneer 10 has
established the existence of severalhremarkable plasma domains.
Inside the flux tubes of To at 6 R is a 'plasmasphere' of
protons of relatively high densities, 100 (cm)—B, extending
toward the planet to at least 2.8 R - The characteristic
thermal energies for these protons are kT ~ 100 ev. The
flux tubes of Io are positioned on a severe decrease of
proton densities with increasing Jovicentric radial distance.
This plasma boundary is referred to as the plasmapause.

Beyond Io a 'sporadic zone' of proton densities ranging from
€1 to 10 (cm)-3 is encountered. The radial dimensions of
this zone are 1 to 2 Jovian radii at the eguator. Adjacent to
this sporadic region at about 8 RJ, again measured along the
equator, is the inner boundary.of a great torus of plasma

3 and

with densities typically in the range 10 to 15 (em) ™
thermal energies kT = 400 eV. The Galilean moon Europa is
embedded within this ring current. The ring current is
extended ﬁutwards into the distant Jovian magnetosphere in
the form of a thin plasma disc. At 15 R the thickness of
this disc is only 2 R; and proton densities are in the range

of 0.5 to 1.0 (cm)_3. A graphical summary of these results

is shown in Figure 9.
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Although the spatial configuration of the Jovian
plasmasphere is similar to that of the terrestrial_plasmaé
sphere, the mechanisms respcnsible for their outer boundaries,
or plasmapauses, are almost‘certainly dissimilar. At the
terrestrial plasmapause the magnitudes of the corotational
electric fields are approximately equal to those of electric
fields induced by the flow of the solar wind past the magneto-
sphere [Brice, 1967]. These electric field strengths are in
the range of microvolts (cm)_l. The corotational electric
fields at the Jovian plasmapause are greater by factors
~ 1000 at 6 R,. Moreover, the 'cross-tail' electric fields
in the Jovian magnetosphere due to the solar wind should be
expected to be less than at the earth. Hence these electric
fields probablf play no important role in the formation of the
Jovian plasmapause. Indeed corotational and cross-tail fields

become comparable at 50 to 100 R, in the Jovian magnetosphere

J
[Brice and Iocannidis, 1970; cf. Eviatar and Ershkovich, 1974].
We suggest that this mechanism may be important in effect-

ing the large fluctuations in magnetopause position observed
with Pioneer 10. Thus far in our first analyses, the only
feature or mechanism which we can clearly associate with the
position of the Jovian plasmapause is the obvious presence of
the moon Io. The high temperatures, ~ 106 °K, of the protons

within the Jovian plasmasphere also appear to be not imme-

diately accounted for. All of the plasma measurements
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reported here were gained in the centrifugally dominated-region
of the Jovian magﬁetosphere [carr and Gulkis, 1969]. Pioneer
.10 did not penetrate into the grévitationally dominated region.
Perhaps a mechanism such as hydromagnetic disturbances
associated with large-scale interchange motiohs as proposed

by Piddington [1967] can yield these high temperatures.

The striking modulation of decametric radiations from
Jupiter by its moon Io has provided ample stimulus for close
examination of all in situ measurements at the Io flux tubes
with Pioneer 10 for evidences of charged-particle accelera-
tion. For reviews of Jovian decametric radiation the reader
is referred to Warwick [1967] and carr and Gulkis [196%9]. The
substantial signatures of the 'sweeping', or absorption, of
energetic charged-particle intensities by Io and its companion
moons have been gained, but no direct evidences of particle
acceleration associated with Io are readily evident in these
measurements with the exception of small increases of electron
intensities with E > 160 keV at the To flux tubes ([Fillius
and McIlwain, 1974]. We have reported here that the Io
flux tubes are positioned in a unique feature of the Joﬁian
magnetosphere -- its plasmapause. The densities measured
within these flux tubes ranged from 10 toc 100 (cm)'B. These
values are below the upper limit for densities above the
ionosphere of Ioc of about 500 (cm)"3 as established by radio

occultation observations with Pioneer 10 [Kliore et al.,
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1974]. The System III longitudes for the crossings of the Io
flux tubes by Pioneer 10 were approximately 180° and 300° for
the inbound and outbound trajectory segments, respectively.
If the mechanism responsibie for the decametric radiation is
greatly dependent upon the ambient plasma densities at Io,

as most current viable ideas suggest [cf. Goldreich and
Lynden-Bell, 1969; Gurnett, 1972; Shawhan et al., 1973] then
these severe fluctuations of densities will unddubtédly have
a prefound effect upon decametric emissions. For example, if
the large gradient of plasma densities faithfully follows
magnetic shells around Jupiter and the magnetic field of the
planet is well approximated by that of an offset tilted
dipole, then large fluctuations of densities will be en-
countered by Ié due to both the planetary rotation and thé
moon's slower orbital motion. Further, if the displacement
of the dipole from the planet's center does not lie within
the plane defined by the tilting of the dipole from Jupiter's
rotational axis, then Io at fixed orbital phase will experience
two density maxima of differing magnitudes and separated by
approximately 180° of planetary rotation for ‘each sidereal
rotation period of Jupiter. It is of interest to note that
if there are higher-order moments of the Jovian magnetic
field, the plasmapause could feature further substantial
variations in position relative to the orbit of Io. Structures

in the density distributions in the Io flux tubes, which are
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caused by the passage of Io or by other phenomena, appear:
relatively long-lived in the initial assessment. For |
example, the gradient drift velocity of a 100-eV proton at
the equator, ?‘cE(qBR)_l in.cgs units, is only about 7 kilo-
meters per Jovian rotation period. The departure from a
strictly corotating orbit due to drifts from cross-tail
electric fields associated with solar wind flow past the
Jovian magnetosphere is also probably of no primary signifi-
cance. Clearly the relationship of the Jovian plasmapause
and Io-modulation of the decametric radiation deserves
furthef exploration.

Europa is embedded in the lesser proton densities of
the ring current. Measurements within the ring current during
inbound and ocutbound traveréals indicate that this giant torus
of plasma is approximately axially symmetric. Proton densities
in the Euroﬁé flux tubes are 10 to 15 (Cm)_3, and there is
no indication of a salient plasma feature such as found at Io.
The more distant two moons Ganymede and Callisto will.traverse
the thin, tenuous plasma disc with plasma densities < 1 (cm)—3

In lieu of any known sensible mechanism for transport-
ing solar wind icns from the magnetopadse to positions deep
within the Jovian magnetosphere, which will account for the
presence of the high densities and low energies in the
plasmasphere and ring current, we conclude that the source

of these protons is the Jovian ionosphere.
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A cloud of atomic hydrogen was found at the orbit of
Io via measurements with an ultraviolet photometer on Pionéer
10 [carlson and Judge, 1974]. The geometry of this hydrogen
" ¢loud in orbit around Jupitér was that of a partial torus
with azimuthal dimensions of about 120°¢ in the eguatorial
plane. These hydrogen atoms are believed to have escaped
from the moon Io and lack sufficient velocity to escape
from bound orbits in the Jovian gravitational field [McDonough
and Brice, 1973]L By estimating the hydrogen escape velocities
tangent to the.orbit of Io, carlson and Judge were able to
estimate the lifetime of these atoms, which was necessary to
limit their spatial distribution to a partial torus. This
lifetime was 2 X 105 seconds. From our measurements of the
low-energy proton intensities at the orbit of Io, the lifetime
of neutral hydrogen due to charge exchange, T, can be calculat-
ed. The omnidirectional proton intensity S is abouﬁ 109
(cmz--sec)_1 and the cross-—-section for charge exchange, g, at

0—15 2

100 ev is 3.5 x 1 cm® [Fite et al., 19601 . Hence

> seconds in good agreement with the above

r = (aJ )'1 ~ 3 x 10
o
estimate on different grounds, when the inaccuracies of both
calculations are considered.
Our future analyses will be directed toward measure-
ments of electron intensities throughout the Jovian magneto-

sphere, determinations of corotational velocities in the ring

current and plasma disc, and detailed examination of plasmas
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near and within the flux tubes of Io. Pioneer 11 will not
only yield a second series of such observations, but will
also penetrate into the gravitationally dominated region of

the Jovian magnetosphere.
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Figure Captions

Projections of the trajectory of Pioneer
10 onto the ecliptic plane during Jupiter
encounter. Also shown are the positions
of the three GaliLean moons Io, Europa

and Ganymede for crossings of their
corresponding L-shells during the inbound
(closed circles) and outhound (open
circles) segments of the trajectory. The
projections of the five faﬁs of acceptance
which comprise the plasma instrument total
field-of-view are shown at two positions
along the orbit. The axis of this
field-of-view is directed along the
spacecraft spin axis, and hence toward
earth, throughout the Jupiter encounter.’
color-coded spectrograms of the logarithm
of the plasma analyzer responses after

the background currents due to penetrat-
ing charged particles have been substract-
ed. The measurements were gained on 4
December and cover periapsis (0315 E.R.T.)
and the outbound trajectory segment deep

within the Jovian magnetosphere. The
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Figure 5.

Figure 6.

29

crossing of the flux tubes of Io occurs
at about 0630 to 0730 E.R.T.

Comparison of the observed directional
intensities of protons with the back-
ground responses of the electrostatic
analyzer and with the energetic electron
intensities with E > 9 Mev for the series
of observations of the upper spectrogram
in Figure 2.

The proton densities within the energy
range 108 eV to 4.80 kev of the electro-
static analyzer corresponding to the
observations of Figure 2. The magnetic
shell parameter L in units of Jovian
radii R; (1 Ry = 71,370 km) and pitch
angle o of the measurement of directional

intensities are given along the top border.

Proton densities in the energy range

" 108 eV to 4.80 kev near and within the

Io flux tubes observed during the

inbound segment of the Pioneer 10

trajectory (cf. Figure 4).
Directional, differential spectrum of

proton intensities observed within the
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Jovian plasmasphere at Jovicentric radial

distance R = 3.33 RJ.
Directional,'differential spectrum of
proton'intensities observed at R = 2.85 RJ
near Eeriagsis;

Directional, differential spectrum of

proton intensities observed within the

Jovian ring current at R = 10.3 Ry-

Summary of major plasma features deep
within the Jovian magnetosphere as
viewed in a magnetic meridional plane.
Directional, differential spectrum of
proton intensities observed within the
Jovian plasma disc at R = 14.2 R_.

J

Comparison of the omnidirectional electron

intensities E > 160 .keV as reported by
Fillius and McIlwain [1974] with features
of the low-energy proton densities cor-
responding to the series of measurements

of Figure 2.
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